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Abstract 
Two measurement methods which are multiwave ultrasonic pulsed Doppler (multiwave UVP) method and wire mesh 
tomography (WMT) have been applied to the measurement of bubbly two-phase flow. Velocity profiles of bubbles and liquid 
have been measured using multiwave UVP. Simultaneously, cross-sectional void fraction distribution has been measured using 
WMT. As the result, a combination method has been set up. The measured parameters are indispensable in order to obtain 
detailed structures of two-phase flow. Multiwave UVP method exploits two basic ultrasonic frequencies which are 2 MHz and 8 
MHz. Simultaneous measurement of velocity profiles of bubbles (using 2 MHz frequency) and those of liquid (using 8 MHz 
frequency), at the same position, is enabled. A multiwave ultrasonic transducer (multiwave TDX) which is able to emit and 
receive the two ultrasonic frequencies along the measurement line at the same time has been applied. The signal processing is 
based on the pulsed Doppler method. Using the combination method, first, instantaneous velocity profiles and void fraction 
distribution have been measured simultaneously for air-water counter-current bubbly flow in a vertical pipe. Flow structure has 
been clarified. Effect of initial condition on void fraction distribution has been confirmed. Next, measurements have been carried 
out for subcooled boiling bubbly flow in a vertical pipe. For measurement of subcooled boiling flow, a high temperature wire 
mesh sensor (WMS) has been developed. A method for separation of velocity profiles of bubbles with different sizes and 
velocities has been suggested. 
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1. Introduction 
Two-phase flow can be found in many industries. One typical example is the boiling two-phase flow surrounding 
nuclear fuel rods in boiling water reactors (BWRs). In BWRs, void distribution, void velocity etc. directly determine 
void fraction distribution which affects nuclear reactivity and thermal hydraulic of the reactors. As a result, two-
phase flow has control over reactor power, coolant flow, heat transfer, pressure and temperature etc. Therefore, it 
possesses substantial importance on the safe and optimized operation of nuclear reactors. However, the flow 
behavior is very complicated such as the behavior of instantaneous local void fraction distribution, of velocity 
distribution of void and liquid. Therefore, simultaneous measurement of such parameters is important for detailed 
study of two-phase flow. In addition, experimental data of such measurement helps to improve the ability of 
numerical simulation to predict the behaviors of two-phase flow in more details such as multi-dimensional 
characteristics, transient phenomena and behaviors at the boundaries of flow regimes. In such cases, instantaneous 
distribution of local parameters of each phase is an important factor, for example, to clarify correlation effects 
between the two phases. 
 
Nomenclature 
c sound speed in the liquid phase [m/s] 
D inner diameter of the pipe [mm] 
f0 ultrasonic basic (or center) frequency [MHz] 
Fprf repetition frequency of ultrasonic pulses [kHz] 
JG superficial velocity of air [mm/s] 
JL superficial velocity of water [mm/s] 
r radial position from the center of the pipe [mm] 
R radius of the pipe [mm] 
ReG superficial air Reynolds number [-] 
ReL superficial water Reynolds number [-] 
vmax maximum measurable velocity [m/s] 
 
Greek symbols 
ș inclined angle between the ultrasonic transducer (TDX) and the vertical direction [o] 
Ȟ kinetic viscosity [m2/s] 
 
Indexes 
G air 
L water 
prf pulse repetition frequency 
0 basic (or center) value of a spectrum 
 
Bubbly two-phase flow exists in the reactor system of BWRs. In the loss of coolant accident (LOCA) of a BWR, 
the level of cooling water in the reactor core decreases due to the coolant leakage. In response to the accident, the 
safety system is activated to shut down the reactor and to inject cooling water into the reactor vessel. Cooling water 
flows down into the fuel rod bundles from the upper plenum. Vapor bubbles rise upwards. Complex flow processes 
occur. Counter-current bubbly flow may take place in such situation. The flow behaviors have effects on the success 
of core cooling in this stage. Previous research showed that counter-current bubbly flow exists in limited flow 
conditions. Phase velocities are of an order of about 1 m/s or less [1-3]. On the other hand, in boiling channels of 
BWRs, close to the channel inlet, there exists a subcooled boiling region where the bulk liquid temperature is lower 
than the saturation temperature of the liquid phase, while in the vicinity of the heated wall surface, local temperature 
exceeds the saturation temperature. Two-phase flow in this region is bubbly flow of vapor bubbles and cooling water. 
Accurate understanding of the flow behaviors in this region enables correct correlations and predictions of two-phase 
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flow characteristics in the succeeding regions. Based on the ranges of the thermal hydraulic parameters of a typical 
BWR design [4], phase velocities of such subcooled boiling bubbly flow are of the order of some meters per second 
or less. Therefore, in both counter-current bubbly flow and subcooled boiling bubbly flow shown above, the range of 
Reynolds number is of about 105 or less. The temperature range is of about less than 300 oC [4]. Moreover, in bubbly 
flow regime, void fraction is limited to less than about 25%. Experimental and numerical study of subcooled boiling 
and counter-current bubbly flows have been carried out by many researchers. For the experimental measurement of 
two-phase flow, however, current methods are either point-wise methods or being able to measure local parameters 
of each phase separately. Therefore, it is difficult to obtain detailed structures of two-phase flow. Hence, methods for 
simultaneous measurement of the distribution of the local parameters of both phases are needed (e.g. as suggested by 
Zuber and Findlay [5]). And simultaneous measured data for the flow analysis and numerical simulation is necessary. 
Ultrasonic velocity profile (UVP) method can be used to measure instantaneous velocity profiles of fluid flow [6]. 
On the other hand, WMT [7] can be used to obtain instantaneous two-dimensional (2D) void fraction distribution. 
Previously, Murakawa [8] applied WMT and UVP method to study the effect of bubble size on the flow structure of 
bubbly co-current flow in a vertical pipe. Since a conventional ultrasonic transducer with a single frequency of 8 
MHz was used, measured velocity profiles include velocity of both bubbles and liquid along the measurement line. 
Therefore, a difference between the velocity of bubbles and that of liquid was needed to obtain bubble-rising 
velocity. That limited the range of flow conditions of measurement. For example, in two-phase flow in horizontal 
pipes, the difference between bubble velocity and liquid velocity may not be significant in some flow conditions 
because gravity acts in the direction perpendicular to the main flow direction. Therefore, it is difficult to classify 
between the velocity of bubbles and that of liquid which may co-exist in measured velocity profiles. Moreover, 
simultaneous measurement of bubble-rising velocity and liquid velocity is important in many aspects of study of 
two-phase flow. For example, in drift-flux model, bubble-rising velocity is required to calculate drift velocity. As a 
result, multiwave method [9,10] has been developed. By using two ultrasonic frequencies and signal processing, this 
method is able to measure bubble-rising velocity and liquid velocity separately at the same time and at the same 
position without need of velocity difference between the two phases. In [9], two commercial UVP systems were used 
with the two ultrasonic frequencies. Therefore, it was difficult to synchronize the measured data of liquid with that 
of bubbles. The signal processing developed in [10] was based on the ultrasonic time-domain cross correlation 
(UTDC) method. It enabled synchronization of liquid data and bubble data. In addition, UTDC has high time 
resolution. However, the error in the measurement of liquid velocity increases with the rising velocity of bubbles [8]. 
Hence, in our previous study [11], we have developed a multiwave UVP method whose signal processing is based 
on the ultrasonic pulsed Doppler method. This method is able to increase signal to noise ratio to improve the 
accuracy of liquid velocity in measurement of bubbly two-phase flow. The method has been realized using our 
originally developed software and hardware. Signal to noise ratio has been much improved compared to the UTDC 
method [11]. In addition, UVP can be applicable to high temperature measurement using high temperature 
transducer (for flow temperature up to 150 oC [12]) or using some buffer materials between the transducer and the 
flow field (for flow temperature up to 600 - 800 oC [13,14]). Research on a transducer design which can work at 
1000 oC is also being undertaken [15]. The high spatial resolution of the UVP method enables measurements of flow 
in small gaps in practical applications. Flow velocity of the order of meter per second can be measured by 
appropriate settings of the basic ultrasonic frequency and the pulse repetition frequency. On the other hand, by using 
WMT, measurement of instantaneous distribution of local void fraction at the same time and at the same position of 
velocity measurement is enabled. Development of local void fraction distribution can be visualized. Effect of bubble 
size and other experimental conditions on the structure of bubbly two-phase flow can be investigated. In addition, 
wire mesh sensor design now enables measurements at high pressure and high temperature [16]. Moreover, 
measurement of flows in small gaps is enabled by the concept of μWMS [17]. 
In this study, our main objective is to apply the multiwave UVP method and WMT to the measurement of bubbly 
flows. Such flows and the ranges of the measured parameters exist during the operation of a BWR. Simultaneous 
measurements of instantaneous distribution of local void fraction and instantaneous velocity profiles of bubbles and 
liquid have been carried out. The resulted method can be regarded as a combination measurement method. Thus, 
measured data using the combination method is obtained at the same time and at the same position. The applicability 
of the combination method to practical measurements has been considered based on the ranges of flow parameters 
mentioned above. First, the method has been applied to the measurement of air-water counter-current bubbly flow in 
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a vertical pipe. Measured data has been obtained. Flow structure has been clarified. Effect of initial condition on 
void fraction distribution has been confirmed. Next, simultaneous measurements of subcooled boiling bubbly flow in 
a vertical pipe have been carried out. In order to apply WMT to boiling condition, normal wire mesh sensor cannot 
be used. Therefore, we have developed a high temperature wire mesh sensor for measurement of boiling flow. A 
method for separation of velocity profiles of bubbles with different sizes and velocities has been suggested. 
2. Multiwave ultrasonic pulsed Doppler method 
Multiwave UVP method has been developed for measurement of instantaneous velocity profiles of bubbles and 
liquid in bubbly two-phase flow [11]. Velocity profiles are obtained along the sound path. The signal processing is 
based on the ultrasonic pulsed Doppler method. Detailed principle and calculation techniques of the method for 
velocity measurement of single-phase flow can be found in [6]. Multiwave UVP method is basically an extension of 
UVP method to measurement of bubbly two-phase flow. 
The principle of multiwave UVP is based on the fact that when the ultrasonic measurement volume size changes, 
measured velocity also changes. That is because the velocity of ultrasonic reflectors of some specific size which is 
suitable for the ultrasonic measurement volume size will be mainly captured [9]. The measurement volume size is 
determined by the ultrasonic beam diameter, the number of wave cycles of an ultrasonic pulse and the ultrasonic 
wavelength. In UVP method, for the measurement of single-phase flow of liquid, it is required to use seeding 
particles, usually micro particles, as ultrasonic reflectors. In the case of two-phase flow, micro particles are also used 
for the liquid phase. For the bubble phase, bubbles themselves are ultrasonic reflectors. Experiments [9] showed that 
measured data by the ultrasound beam with a smaller measurement volume size (i.e. shorter wavelength or higher 
frequency, and smaller beam diameter) mainly contains the velocity of liquid phase. On the other hand, measured 
data by the ultrasound beam with a larger measurement volume size mainly includes bubble velocity. Therefore, if 
an ultrasonic transducer is able to generate two measurement volume sizes at the same time and at the same position, 
simultaneous measurement of bubble phase and liquid phase is possible. Therefore, a multiwave ultrasonic 
transducer has been developed [9]. The multiwave transducer is able to emit and receive ultrasound of two 
frequencies and beam diameters, i.e. 2 MHz with beam diameter 10 mm and 8 MHz with beam diameter 3 mm at the 
same time and at the same position. The lower frequency with a bigger measurement volume size is used for the 
measurement of bubble velocity profiles. The higher frequency with a smaller measurement volume size is used for 
the measurement of liquid velocity profiles. In our previous study [11], we have developed a multiwave UVP 
method, which is based on our originally developed software and hardware of the pulsed Doppler method for signal 
acquisition and processing. The method has been confirmed for measurement of bubbly two-phase flow. As a result, 
this multiwave UVP method will be applied in this study. 
A schematic configuration of the application of the multiwave UVP method to measurement of bubbly two-phase 
flow in a vertical pipe is shown in Fig. 1. Normally, in UVP method, the transducer is set inclined an angle ș with 
respect to the main flow direction. The transducer is driven by a pulser/receiver (P/R) for the emission and reception 
of ultrasound. An analog to digital converter is used for signal digitization and acquisition. A signal processing 
computer (PC) is used for online calculation of velocity profiles of bubbles and liquid. A water box is usually used. 
The transducer and the section under investigation of the pipe are submerged into the water in the box to facilitate 
the transmission of ultrasound between the transducer and pipe flow (Fig. 1). 
UVP method has a number of advantages compared to other conventional velocity measurement methods. It is a 
non-intrusive method without need of optical window. It is able to provide instantaneous velocity profiles along the 
measurement line at high spatial and temporal resolutions. Velocity profiles are obtained online during measurement. 
However, when multiwave UVP method is applied to measurement of two-phase flow, an issue of phase separation 
has to be discussed. As shown in our previous study [11], 2 MHz frequency can be controlled to mainly measures 
bubble velocity since the echo signal reflected from the bubbles’ surface is very strong. However 8 MHz frequency 
measures velocity of both bubbles and liquid. If bubble velocity can be deleted in the measured data of 8 MHz 
frequency, bubble velocity and liquid velocity can be measured separately and simultaneously using 2 MHz and 8 
MHz ultrasounds, respectively. 
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Fig. 1. Setup of the multiwave UVP system for velocity measurement 
of bubbly flow in a vertical pipe. 
Fig. 2. Relative positions of bubbles and ultrasound beams. 
The maximum measurable velocity of bubbles (by frequency of 2 MHz) and that of liquid (by frequency of 8 
MHz) are calculated using the following equation of UVP method [11]: 
vmax = cFprf / (4f0cosș). (1)
In our multiwave UVP system, maximum Fprf of the pulser/receiver is 8 kHz. ș is fixed (45o). If the value of 1480 
m/s of c was used (as in the experiments with air-water bubbly flow in this study), the maximum measurable 
velocities of bubbles and liquid are 2.1 m/s and 0.52 m/s, respectively. 
The accuracy of the measured data of conventional UVP method can be confirmed by an error less than 1% in the 
measurement of flowrate of single-phase liquid flow using velocity profiles measured by UVP method [18]. For 
two-phase flow measurement, multiwave UVP method is applicable to bubbly two-phase flow with relatively low 
void fraction (less than 10% [11]) to avoid excessive multiple reflection of ultrasound from bubbles. 
3. Wire mesh tomography 
In addition to the information of phase velocities, two-phase flow structure can be obtained using void fraction 
distribution. Cross-sectional void fraction distribution of bubbly two-phase flow in a pipe can be measured using 
WMT. A detailed description of the method can be found in [7]. 
In brief, WMT enables measurement of instantaneous two-dimensional distribution of local void fraction of two-
phase flow based on the measurement of local electrical conductivity between two arrays of electrode wires. One 
array is transmitter electrodes fixed in one plane. The other is receiver electrodes fixed in another plane. A wire 
mesh sensor is comprised of the transmitter and the receiver electrodes. They are set crossing each other at a small 
distance. As a result, direct measurement of distribution of electrical conductivity between the two arrays of 
electrodes is enabled. Therefore, local void fraction distribution can be calculated assuming a linear dependence of 
void fraction on electrical conductivity. In our system, the maximum measuring frequency of WMT, i.e. the number 
of consecutively recorded measurements of cross-sectional local void fraction distribution per second, is 10 kHz. 
Schematic drawings of the configuration of a setup of WMT system and wire mesh sensor for measurement of 
bubbly two-phase flow in a vertical pipe are shown in Fig. 3 and Fig. 4, respectively. A simplified electrical scheme 
of the signal processing and data acquisition for a sample wire mesh sensor of two arrays of electrode wires, four 
wires each (i.e. 2 x 4 wire mesh sensor), is shown in Fig. 5. 
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Fig. 3. Setup of WMT system. Fig. 4. Arrangement of wire mesh sensor and bubbly flow. 
WMT is an intrusive measurement method with electrode wires set inside the flow field. However, the method is 
useful since its implementation is relatively simple. Moreover, it is able to measure instantaneous two-dimensional 
local void fraction distribution of two-phase flow at high measuring frequency. The accuracy of WMT method for 
the measurement of void fraction of bubbly co-current and counter-current flows has been confirmed [19-21]. The 
error of the measured void fraction averaged over a cross-section by WMT is less than 1% compared with the 
measured result by a fast X-ray scanner [20]. The effect of intrusiveness can be minimized by using very thin 
electrode wires. In this study, in order to measure bubbly flow at room temperature and at high temperature of 
boiling flow, we have developed a specifically designed wire mesh sensor (Fig. 6) which can work at high 
temperature condition. To improve the strength of the wire mesh sensor against high temperature condition, 
electrode wires are made of stainless steel. They are mounted on two plates of heat resistant polymer. One plate is 
transmitter and the other is receiver. Each is fixed to a stainless steel flange. The two parts are fixed together using 
four bolts as shown in Fig. 6. A small gap between the transmitter and the receiver is maintained using a washer 
which is also made of heat resistant polymer. The wire mesh sensor consists of 16 transmitter electrode wires and 16 
receiver electrode wires with a diameter of 0.125 mm. The gap between the transmitter and the receiver electrodes is 
1.5 mm. The pitch between two closest electrode wires is about 3 mm. Therefore, the wire mesh sensor comprises 
256 measurement volumes whose size is 3 mm x 3 mm x 1.5 mm. For signal acquisition and processing, a 
commercial digital signal processing unit of WMT was used. The digital signal processing unit is controlled by a 
control computer (Fig. 3). 
In order to measure simultaneously velocity profiles of bubbles and liquid, and cross-sectional void fraction 
distribution of bubbly flow in a vertical pipe, multiwave ultrasonic transducer and wire mesh sensor are mounted 
close together on the pipe. Due to the current design of the wire mesh sensor (Fig. 6), the minimum distance between 
the transducer and the wire mesh sensor is about 6 cm. Measurement is started at the same time for both systems. 
 
 
 
Fig. 5. A simplified scheme of the signal processing and data 
acquisition for a 2 x 4 wire mesh sensor. 
Fig. 6. Photos of the high temperature wire mesh sensor (2 x 16 
electrode wires) developed in this study. 
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The maximum measurable velocity of the bubble phase in WMT is achieved at the maximum measuring 
frequency of 10 kHz (i.e. at measuring period of 10-4 s). In our WMT system, the gap between the transmitter and 
the receiver electrodes is 1.5 mm (or 1.5x10-3 m). The time which is required for a bubble moving at maximum 
measurable velocity vmax (m/s) to travel through the gap is 1.5x10-3 / vmax (s). As the result, it is possible to measure 
void fraction distribution only if the following relationship satisfies: 
1.5x10-3 / vmax > 10-4. (2)
Therefore, in our WMT system, the maximum measurable velocity of bubbles is about 15 m/s. As mentioned in 
[22], for further analyses such as bubble size measurement, bubble reconstruction etc., several consecutive 
measurements are required during the time that a single bubble of the size of some millimeters (e.g. diameter of 5 
mm [22]) moves through the gap between the two electrode wires. As the result, the maximum measurable velocity 
of bubbles is about 10 m/s [22]. 
In addition, WMT is applicable to a wide range of two-phase flow regimes including bubbly flow, slug flow and 
annular flow etc. 
4. Measurement of counter-current bubbly flow 
4.1. Experimental apparatus and conditions 
 
 
Fig. 7. A schematic configuration of the counter-current bubbly flow loop. 
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A schematic description of the apparatus is shown in Fig. 7. Counter-current bubbly flow was generated in the 
test pipe (3) made of transparent acrylic which enabled optical visualization as well. Pipe inner diameter was 50 mm. 
Total length of the test pipe was 2745 mm. Water flowed down from the upper tank (14) to the lower tank (5). Water 
flowrate was measured using a wheel-type Aichi Tokei NW20-NTN flowmeter (4) and controlled using a valve 
located at the outlet of the pipe. Air bubbles were generated from an air nozzle (8) located at the bottom of the test 
pipe. The nozzle was made of porous media which generated bubbles of almost uniform diameter of 2 - 3 mm. Air 
flowrate was measured and controlled using a Rika Seki float flow meter (6). The wire mesh sensor was located at 
the downstream (based on the air flow direction) of the multiwave transducer. Therefore, the measurement positions 
of both WMT and multiwave UVP were almost at the same position of 21D from the water inlet and 34D from the 
air inlet. By placing the wire mesh sensor downstream of the ultrasonic transducer, intrusive effects caused by the 
wire mesh sensor would not affect the measured results of the multiwave UVP method. In addition, overflow weirs 
(9,13) were used in the upper tank and the lower tank to maintain constant water levels between the two tanks 
during experiments. Water was circulated using a water pump (10). 
The superficial air Reynolds number and superficial water Reynolds number are defined as: 
ReG = JGD/ȞG 
ReL = JLD/ȞL. 
(3)
(4)
Based on test measurements, and in order to refer to published data of previous measurement of counter-current 
bubbly flow in a vertical pipe, the following flow conditions have been decided. Water superficial velocity (JL) was 
from -10 mm/s to -80 mm/s. The corresponding range of ReL was from -500 to -4000. The minus sign implies the 
downward flow of water. Superficial velocity of air (JG) was from 1 mm/s to 8 mm/s. The corresponding range of 
ReG was from 3.3 to 26.5. At the measurement conditions, two-phase flow regime was bubbly flow. 
As for measurements using WMT, results were averaged of at least 3 minute-data measured at maximum 10 kHz 
measuring frequency. 
Regarding multiwave UVP measurement, nylon power of average diameter 80 ȝm was used as ultrasonic 
reflector of 8 MHz frequency for measurement of liquid velocity. Effects of micro particles on WMT measurement 
is negligible according to a previous investigation [8]. The multiwave transducer was set inclined at an angle 45o 
with respect to the upward direction. The spatial and temporal resolutions of the UVP method were 0.52 mm and 16 
ms, respectively. 
Measurements were carried out in atmospheric pressure and at room temperature which was almost at a constant 
value of 20 oC. During measurements, flow visualization using a commercial digital camera (JVC Hybrid Camera 
GC-PX1, JVC Co. Ltd., with a high speed video recording mode of 300 frame per second) was also carried out for 
the estimation of bubble sizes and qualitative assessment of flow behavior. The flow was backlit using a halogen 
lamp. The camera was equipped with an optical lens fixed with it (aperture range: f/2.8 – f/4.5; focal range: 6.7 mm 
- 67 mm). In the high speed mode, the camera changes to the automatic mode. The shutter speed was automatically 
adjusted in the range 1/300 – 1/4000 s for optimal exposure time. Using a known-size object moving in the same 
backlit condition of the experiments, our investigations confirmed that the shutter speed was smaller than 1/1000 s. 
Consider the bubble rising velocity and bubble size, maximum error caused by bubbles’ motion is about 15%. The 
image size was 640 x 360 pixels which corresponded to an imaging area of 160 x 90 mm. As the result, the spatial 
resolution was 0.25 mm with an error of about 0.83%. Analyses showed that bubbles typically had ellipsoidal shape 
with approximate diameter of around 2 - 3 mm. 
4.2. Results and discussions 
For all flow conditions, measured results by WMT clearly showed the same tendency when JG was increased 
from 1 mm/s to 8 mm/s while JL was fixed at a specific value. However, it must be noted that, at the condition JL = -
80 mm/s, JG = 8 mm/s, the flow was unstable. Measured cross-sectional void fraction distribution showed that 
bubbles concentrated on one half of the flow area. Therefore, this measured data was eliminated and considered to 
be not available. 
 Tat Thang Nguyen et al. /  Energy Procedia  71 ( 2015 )  337 – 351 345
 
a) JG = 1 mm/s 
 
b) JG = 2 mm/s 
 
c) JG = 4 mm/s 
 
d) JG = 8 mm/s 
Fig. 8. Void fraction distribution patterns when JL = -10 mm/s, JG increased from 1 mm/s to 8 mm/s. 
Typical results of measured local void fraction distribution by WMT are shown in Fig. 8 for the case JL = -10 
mm/s. In order to investigate the characteristics of void fraction distribution patterns, measured void fractions of all 
measurements are normalized by half of the maximum local void fraction of each flow condition. 
In bubbly two-phase flow, radial distribution of local void fraction can be classified into the following patterns 
[23,24]: wall-peak, intermediate-peak, transition, core peak and flat. Typical shapes of the radial distribution of local 
void fraction corresponding to these patterns are shown in Fig. 9. In the case of wall-peak pattern, the maximum 
void fraction occurs within a distance about one bubble radius with regards to the wall [23]. 
 
 
Fig. 9. Schematic illustrations of patterns of radial distribution of local void fraction. 
Measured data using WMT suggests that the flow in all experiments would be of intermediate-peak pattern. As 
shown in [24], void fraction distribution depends on initial condition (bubble size, method of bubble generation and 
mixing condition), flow condition, and test section condition. According to published literature, measurements by 
Fuangworawong et al. [21] had almost the same flow and test section conditions with our measurement. However, in 
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their experiments, the initial condition was different. The bubble size in their study was about 5 mm diameter which 
was almost double the bubble size in this study. In their measurements of void fraction which also used WMT, wall-
peak and intermediate-peak patterns of void fraction distribution did not exist at the same flow conditions with this 
study including JL = -40 mm/s, JG = 2 mm/s; JL = -40 mm/s, JG = 8 mm/s; JL = -80 mm/s, JG = 2 mm/s. They found all 
core-peak void fraction distribution in such flow conditions. In addition, their bubble generation method was 
different from that of this study. Hence, effect of bubble size and bubble generation method on the patterns of cross-
sectional void fraction distribution was confirmed. 
 
 
a) PDF of liquid velocity including bubble 
data 
 
b) PDF of liquid velocity after elimination of 
bubble data 
 
c) Averaged velocity profiles of bubble and 
liquid after phase separation 
Fig. 10. Measured data of the multiwave UVP method for the condition JL = -10 mm/s, JG = 2 mm/s. 
At the same time, measurements of instantaneous velocity profiles of bubbles and liquid were carried out using 
multiwave UVP method. As for UVP measurements, when JG increased, the number of bubbles which existed along 
the ultrasound path increased. Therefore, going away from the transducer surface, reflected signal became weaker. 
As a result, far from the transducer, the number of measured data of the UVP method decreased. Especially, the 
effect became more significant with the data of liquid velocity measured by the frequency of 8 MHz since 8 MHz-
beam diameter was 3 mm which was almost the same size with the bubble diameter. A typical result of multiwave 
UVP measurement is shown in Fig. 10. In order to review measured data, probability density function (PDF) of 
velocity at some measurement positions is calculated. 
In Fig. 10a, the velocity PDF of the measured data by the frequency of 8 MHz is plotted for three positions 
including a position close to the pipe wall (r/R = -0.81), one close to the center of the pipe (r/R = -0.01) and one 
between these two positions (r/R = -0.39). Here r is radial position from the pipe center (r < 0 towards transducer 
surface). It is confirmed that, measured data mainly includes liquid velocity at around -50 mm/s. After phase 
separation, the velocity PDFs at these 3 points were plotted again in Fig. 10b. It was confirmed that bubble data has 
been removed from the liquid data. The peak of the velocity PDFs increased because bubble data has been 
eliminated. Moreover, at the positions close to the transducer surface (e.g. r/R = -0.81 and -0.39), results of phase 
separation were better than that at the position far from the transducer (i.e. close to the center of the pipe). The 
reason was mainly due to the fact that, away from the transducer, the number of measured data of bubble phase by 2 
MHz frequency decreased. Consequently, phase separation based on the data of the frequency of 2 MHz would not 
completely eliminate bubble data in the data of 8 MHz frequency. Finally, averaged velocity profiles of bubbles and 
liquid are shown in Fig. 10c for one half of the pipe, which was close to the transducer surface. 
5. Measurement of subcooled boiling bubbly flow 
5.1. Experimental apparatus and conditions 
A boiling flow loop has been set up as shown in Fig. 11. In order to apply the multiwave UVP method to the 
measurement of subcooled boiling bubbly flow, a high temperature multiwave ultrasonic transducer is under 
manufacturing. Currently, UVP method with a high temperature transducer of singlewave type was applied to the 
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measurement of velocity profiles of vapor bubbles. Simultaneous measurements using UVP method and WMT with 
high temperature wire mesh sensor have been carried out. 
 
Fig. 11. A schematic configuration of the boiling flow loop. 
The apparatus is schematically described in Fig. 11. In this case, a co-current upward bubbly two-phase flow of 
vapor bubbles and water was generated in the test pipe (3). The pipe material was transparent poly-carbonate. This 
material can withstand high temperature up to 150 oC. In addition, the transparent material also enabled optical 
visualization of the flow field. The inner diameter of the pipe was 52 mm. Water was pre-heated in the lower tank 
(7) and circulated using a high temperature pump (6). Boiling occurred around the main heater (4) to generate vapor 
bubbles in the test pipe. The main heater was fixed to the bottom of the test pipe (Fig. 11). Its length and outer 
diameter were 366 mm and 12.6 mm, respectively. Both the lower tank (7) and the upper tank (9) were made of 
stainless steel. The water level meter (10) was used to monitor the water level in the upper tank. This water level 
was kept constant using an overflow pipe connected to the drainage pipe (8) as shown in Fig. 11. Thermocouples 
were used to monitor water temperature of the tanks, and of the inlet of the test pipe. They were also used for 
temperature control units of the heaters. 
As shown in Fig. 11, the wire mesh sensor was placed downstream and close to the ultrasonic transducer at the 
position 8D from the outlet of the test pipe (located in the upper tank) and 22D from the inlet of the test pipe. The 
superficial velocity of liquid was estimated about less than 30 mm/s. 
As for the measurement of void fraction, 10 kHz measuring frequency of the WMT was used. Regarding the 
measurement of velocity profiles using UVP method, a high temperature ultrasonic transducer, which has a single 
frequency of 2 MHz and diameter 10 mm, has been exploited. Normal ultrasonic reflectors of the liquid phase (such 
as nylon micro particles) could not be used in high temperature condition. Therefore the transducer was used for 
measurement of only bubble velocity. The transducer was fixed at an angle of 45o with respect to the main flow 
direction (Fig. 11). The spatial and temporal resolutions of UVP method in this experiment were 0.54 mm and 16 ms, 
respectively. 
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Fig. 12. Terminal velocity of air bubbles in water at 20 °C (reproduced 
figure from [25]). 
Fig. 13. Bubble image of the selected condition. 
Measurements were carried out in subcooled boiling bubbly flow condition. In this condition, liquid temperature 
at the inlet of the test pipe was around 100 oC. In addition, optical visualization of the flow field using the high 
speed camera was also carried out. The flow field just upstream of the measured position of UVP and WMT was 
visualized. Experimental conditions are summarized in Table 1. 
                        Table 1. Experimental conditions of subcooled boiling flow. 
Water flow rate ~1.5 liter per minute 
System pressure Atmospheric pressure 
Inlet heat flux 103 kW/m2 
Inlet subcooling temperature 4 K 
5.2. Results and discussions 
  
Fig. 14. Cross-sectional void fraction 
distribution. 
Fig. 15. Averaged velocity profile of 
bubbles. 
Fig. 16. Velocity PDFs of bubbles (smoothed).
Simultaneous measurements using UVP method and WMT (and optical visualization) were carried out in bubbly 
flow regime. From optical visualization using high speed camera, it was shown that vapor bubble diameter ranged 
from about 0.5 mm to 5 mm (Fig. 13). Bubble size distribution depended on the subcooling which was controlled by 
the heat flux from the main heater. In all measurements, measured void fraction distribution by using WMT showed 
that the flow patterns were that of core-peak. In brief, only one measured result is shown here. A typical image of 
the flow field is shown in Fig. 13. Local void fraction distribution, which is normalized by half of the maximum 
value, is shown in Fig. 14. Large bubbles tended to move along the center region of the test pipe. Qualitatively, from 
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optical observation, velocity of large bubbles was higher than that of small bubbles. Analyzing bubble images to 
obtain the average bubble size, vapor bubbles whose diameter less than about 1.5 mm is defined as small bubbles. 
Conversely, bubbles whose diameter greater than 1.5 mm are considered large bubbles. The relationship between the 
bubble size and rising velocity obtained from the optical visualization would follow the same tendency shown in Fig. 
12 for air water bubbles at 20 oC. However, from our observation, higher velocity of large bubbles should be mainly 
due to strong convection and buoyancy effect. Small bubbles scattered in a larger area of the pipe cross-section. 
Using a singlewave transducer of 2 MHz frequency, instantaneous velocity profiles of bubbles were obtained. An 
averaged velocity profile is shown in Fig. 15. 
Furthermore, smoothed PDFs of bubble velocity at some particular positions along the measurement line are 
calculated and shown in Fig. 16. From the PDF data, it can be seen that, close to the pipe wall (r/R = -0.81) and 
between the pipe wall and the pipe center (r/R = -0.39), the velocity PDFs of bubbles have more than one peak. This 
suggests that there existed small bubbles and large bubbles at these positions. Moreover, the velocity PDF of 
bubbles close to the pipe wall has a dominant peak at lower velocity. That means that mainly small bubbles existed 
near the pipe wall. At r/R = -0.39, the two peaks of the velocity PDF of bubbles have almost the same magnitude. 
Small bubbles and larger bubbles would appear there at almost the same frequencies. At the center region of the pipe 
(r/R = -0.01), the velocity PDF of bubbles has a wide peak at higher velocity. It suggests that mainly large bubbles 
would concentrate in the center region of the pipe. The result of the analysis of PDF data of bubble phase would 
agree with the qualitative assessment from optical visualization shown before. It should be noted that negative 
velocity was due to three dimensional motion of bubbles. In our UVP system, velocity has minus sign for the motion 
away from the transducer surface. 
Based on velocity PDF data of bubbles, it would be possible to determine a velocity threshold to classify between 
higher velocity of large bubbles and lower velocity of small bubbles. In this study, the velocity threshold should be 
about 220 mm/s as shown in Fig. 16. Consequently, velocity profiles of different bubble sizes of subcooled boiling 
bubbly flow can be classified and separated. This method can be extended to measurement of dispersed two-phase 
flow where dispersed phase may have different sizes and move at different velocities in the mixture. 
6. Conclusions 
A measurement method, which is a combination of the multiwave UVP method and WMT, has been applied to 
the measurement of bubbly two-phase flow in vertical pipe. The measured flows include counter-current bubbly 
flow and subcooled boiling bubbly flow. Instantaneous profiles of void fraction and those of velocities of liquid and 
bubbles have been obtained at the same time and position. The accuracy of the measured data has been confirmed. 
In the measurements of air-water bubbly flow, to estimate the accuracy of measured velocity profiles of liquid phase, 
liquid flowrate was calculated using the average velocity profile of liquid after phase separation. By comparison 
with the flowrate measured by the flowmeter, an error around 6% has been obtained. A comparison between the 
average velocity profile of bubbles with that of PIV data has been carried out in our previous study [11]. The 
comparison showed an error of about 6%. In order to evaluate the error of void fraction measurement by WMT, 
cross-sectional average void fraction of WMT has been compared with the volume average void fraction calculated 
by analyzing bubble images. The comparison showed an error of around 20%. This error was higher than that 
mentioned in the study of Fuangworawong et al. [21] which was also for bubbly counter-current flow. This was 
possibly due to the error of the estimation of the bubble size using bubble images. In the measurements of subcooled 
boiling bubbly flow, the same errors of UVP and WMT were assumed. 
Regarding the measurements of counter-current bubbly flow of air water in the vertical pipe, measured data 
showed that: 
x the effect of initial flow conditions, e.g. bubble size, on the pattern of cross-sectional void fraction distribution 
was confirmed; 
x measured data of instantaneous profiles of void fraction and velocity can contribute to the assessment and 
development of numerical simulation of two-phase flow. 
About the measurements of subcooled boiling bubbly flow using the combination method, UVP method with 
singlewave, high temperature ultrasonic transducer was used. Velocity profiles of rising vapor bubbles were 
measured. Measured void fraction by WMT shows core-peak distribution pattern. Vapor bubbles of different sizes 
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co-existed in the flow field. Their characteristics were different. Analysis of the measured velocity profiles of 
bubbles suggests that: 
x based on the velocity PDF of the measured data of vapor bubbles, it would be possible to separate velocity 
profiles of bubbles which have different sizes and move at different rising velocities. 
As for future work, since a high temperature multiwave ultrasonic transducer is under manufacturing, in next 
study, measurement and analysis using multiwave UVP method and WMT for subcooled boiling bubbly flow will 
be carried out. 
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